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Outward currents passing through Kir channels play crucial roles
in controlling membrane excitability and action potential duration in
many cell types. When [K+]o is increased, the outward IK1 increases in
a driving force dependent manner [1–6]. Because the outward IK1
plays a pivotal role in determining the action potential threshold,
increases in outward IK1 cause reduced excitability and slower
conductance. The [K+]o-dependence of outward IK1 is thus important
in regulating cellular physiological and pathological functions.
Two mechanisms have been proposed to explain the [K+]o-
dependence of outward IK1. First, the “K+-activation of K+-channel”
hypothesis suggests that extracellular K+ interacts with Kir channels
and subsequently increases channel open probability [4,7,8]. Direct
activation of K+ channels by K+ has been proposed as an explanation
for the increase in K+ channel activity (in various types of K+
channels) caused by increased [K+]o [4,7–10]. It has been shown that
Kir1.1 channels are activated by [K+]o in the millimolar range [11,12]and that this K+-dependent gating is linking to pH gating through a
conformational change in the pore [13]. In addition, site-directed
mutagenesis has suggested that K+ occupancy of extracellular site(s)
is involved in the K+ activation of inward rectiﬁer K+ channels and
Vm-gated K+ channels [4,7,9,14]. Furthermore, it has been suggested
that extracellular K+ may affect the number of functional Kir1.1 and
Kv1.4 channels [10,12]. However, the effects of extracellular K+ on the
single-channel kinetics of the Kir channel are not yet clear.
The other hypothesis, the blocking-particle model, proposes that
extracellular K+ may bind to a high-afﬁnity site in the Kir2.1 channel
pore and electrostatically weaken pore blockade by intracellularMg2+
or polyamines, such that inward rectiﬁcation is weaker at higher [K+]o
[5,8]. Similar effects of [K+]o on intracellularMg2+ blockage have been
suggested in work with the Kv channel [15]. Recently, it has been
shown, at the single-channel level, that the driving force dependent
shifts of I–Vm curves are attributable to the driving force dependence of
blocking kinetics when EK is changed by varying [K+]o [6]. However,
the role of this mechanism on the [K+]o-dependence of outward IK1
has not been explored at the single-channel level.
In the present study, we investigated these two hypotheses by
examining the single-channel kinetics of the Kir2.1 channel, with the
aim of explaining the [K+]o-dependence of outward Kir2.1 currents.
We exploredwhether [K+]omodulated single-channel properties, and
determined the kinetics of intracellular spermine block of the Kir2.1
channel. Our results show that outward IK1 is larger at higher [K+]o,
because single-channel conductance is elevated at higher [K+]o. In
addition, neither channel open probability nor spermine-binding
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Fig. 1. Effects of extracellular K+ on the Kir2.1 channel I–Vm relationship. A. I–Vm curves
were recorded using a ramp protocol (Vm=−150 to +50 mV over 3 s) from outside-
out patches exposed to the indicated values of [K+]o, with K+ as the only extracellular
cation. B. Summary of the effects of [K+]o on normalized peak outward IK1 and
normalized outward IK1 at driving forces=+10, +17, +20, and +25 mV in the Kir2.1
channel. n=4–6.
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range 1–150 mM.
2. Materials and methods
2.1. Preparation of Xenopus oocytes
Xenopus oocytes were isolated by partial ovariectomy from frogs
anaesthetized with 0.1% tricaine (3-aminobenzoic acid ethyl ester).
After suturing the surgical incision, animals were monitored during
the recovery period before being returned to their tank. All surgical
and anesthesia procedures were reviewed and approved by the
Academia Sinica Institutional Animal Care and Utilization Committee.
2.2. Molecular biology
cRNAs to be expressed in Xenopus oocytes were prepared by in
vitro transcription (mMessage mMachine, Ambion, Dallas, TX). Site-
directed mutations were generated using polymerase chain reaction
(PCR). The correctness of mutations was conﬁrmed by sequencing of
cDNAs using an ABI PrismTM dRhodamine Terminator Cycle Sequenc-
ing Ready Reaction Kit (PE Applied Biosystems, Foster City, CA).
2.3. Electrophysiological recordings
Currents were recorded at room temperature (21 °C–24 °C) using
the patch-clamp technique [16,17] and an Axopatch 200B ampliﬁer
(Molecular Devices, Sunnyvale, CA). The standard solution (pH 7.4)
contained (in mM) KCl, 121; KOH, 20; K2HPO4, 4; KH2PO4, 1; and
EDTA, 5. For giant-patch recordings, the intracellular solution (pH 7.4)
contained (in mM) KCl, 76; KOH, 20; K2HPO4, 4; KH2PO4, 1; KF, 5;
EDTA, 5; Na3VO4, 0.1; and K4P2O7, 10 [18]. For experiments employing
giant outside-out patches, the compositions of other solutions (1–
20 mM [K+]o) were (in mM): KCl, 0.3–19.3; KOH, 0.7; HEPES, 1; at pH
7.4. In some experiments (Fig. 1), 280 mM sucrose was added to
solutions containing [K+]o≤20 mM to maintain osmolarity. Single-
channel recordings were performed using inside-out patches at a
sampling rate of 1 kHz and a ﬁltering rate of 0.5 kHz. The intracellular
solution (pH 7.4) contained (in mM) KCl, 121; KOH, 20; K2HPO4, 4;
KH2PO4, 1; KF, 5; and EDTA, 5. The 1 mM [K+] pipette solution
contained (in mM): KCl, 0.1; K2HPO4, 0.4; KH2PO4, 0.1; at pH 7.4. The
20 mM [K+] pipette solution contained (in mM): KCl, 11; K2HPO4, 4;
KH2PO4, 1; at pH 7.4. Command voltages were controlled and data
were acquired using pClamp 10 software (Molecular Devices).
2.4. Data analysis
Single-channel events recorded from separate patches at the same
condition were pooled and shown on square root-log coordinates to
construct single open and zero-current time distributions, whichwere
best-ﬁtted employing one or two exponential components, using the
maximum-likelihood method [19]. Averaged data are presented as
means±SEMs. Student's unpaired t test was used to assess the
statistical signiﬁcance of differences, and a p-value b0.05 was
considered statistically signiﬁcant.
3. Results
3.1. Increased [K+]o elevates outward K
+ conductance
To focus on the effects of extracellular K+ on outward IK1, we
examined [K+]o-dependence of IK1 with K+ as the only extracellular
cation. Fig. 1A shows the I–Vm relationships recorded from one outside-
out patch expressing Kir2.1 channels at [K+]o=1–150 mM. I–Vm curves
were almost linear at Vm negative to EK. In contrast, at Vm positive to EK,
IK1 reached a maximum value, which we refer to as peak outward IK1.Fig. 1B shows that the normalized peak outward IK1 (IK1 at the test [K+]o
divided by IK1 at 150 mM [K+]o) decreased by 25% (from 1 to 0.75±
0.05) when [K+]o was reduced from 150 mM to 1 mM. This [K+]o-
dependence of outward IK1 was smaller than that previously deter-
mined [3] (see Discussion). The shallow [K+]o-dependence of the peak
outward IK1 ratio was not due to osmolarity imbalance because [K+]o-
dependence of the peak outward IK1 ratio was the same in the presence
and absence of sucrose (Fig. 1B). The driving force where peak outward
IK1 occurred, varied from patch to patch. Because the shape of IK1–Vm
relationships depends on driving forces rather than on Vm when [K+]o
values are varied [1,4–6,20–24], we examined the effects of [K+] on
outward IK1 at constant driving forces. Fig. 1B shows that the [K+]o-
dependence of peak outward IK1 and outward IK1 at driving forces=
+10,+17, +20, and+25mVwas the same. The results show that the
degree of [K+]o-dependence of outward IK1 is not affected by the driving
force selected.
Next, we examined how [K+]o increases K+ efﬂux at the single-
channel level. Fig. 2A shows iK1 recorded at 20 mM[K+]o, 150 mM[K+]i,
and Vm=−28 mV (EK=−45.1±0.8 mV, n=6; driving force=
+17 mV), in the absence of any added intracellular blocker (control,
left panel) in an inside-out patch. Open and zero-current time
histograms were constructed and are shown in Fig. 2B. The open
lifetimes were distributed according to a single exponential function
with a mean open time (τo) of 207 ms. Zero-current times were
described using two exponential functions. The fast mean zero-current
time (τf) was 3.2 ms and the slow mean zero-current time (τs),
120.0 ms. Next, we recorded outward iK1 at a driving force=+17mV,
20 mM [K+]o, and 150 mM [K+]i, in the presence of a [spermine]i
concentration of 10 nM (Fig. 2A, right panel). The open lifetimes were
distributed according to a single exponential function and τo was
35.4 ms (Fig. 2C). The zero-current time histograms could still be
represented using two exponential functions (Fig. 2C). The values τf was
3.8 ms and τs, 119 ms (Fig. 2C). Spermine increased the proportion of
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results suggest that the slow component of the zero-current time
observed in the control group is probably attributable to residual
blockage of the Kir2.1 channel by an intracellular polyamine [25]. To
understand how extracellular K+ affected the kinetics of the single
channel in both the absence and presence of an intracellular blocker, we
considered a sequentialmodelwith one closed state, oneopen state, and
one blocked state as follows:
C⇌
k1
k−1
O⇌
μ
λ
B Scheme I;
where C is the closed state, O the open state, and B the blocked state.
The same scheme has been used to describe the single-channel
transitions in the Kir2.1 channel expressed in COS-1 cells with similar
sampling and ﬁltering rates [6]. The transition between the C and O
states is termed intrinsic gating [26]. Rate constants are related to τo,
τf, and τs, as follows:
k−1 + μ × B½  + X½ ð Þ = 1 = τo ð1Þ
k1 = 1= τf ð2Þ
λ = 1= τs ð3Þ
where [B] and [X] denote the concentrations of added spermine and
residual blocker, respectively. To obtain μ, we measured the open
times and calculated τo in the presence of spermine at B1 (1 nM) and
B2 (10 nM) concentration. From Eq. (1),
μ = 1 = B1−B2ð Þ × 1 = τo B1ð Þ−1 = τo B2ð Þ½ f g: ð4Þ
To obtain k−1 and [X], we used the probability density function of
the zero-current time, described as follows [27]:
f tð Þ = As = τs × e−t =τs + Af = τf × e−t =τf ð5Þ
where As=k−1/[k−1+μ×([B]+[X])] and Af=μ×([B]+[X])/[k−1+A
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Fig. 2. Effects of intracellular spermine on single-channel iK1. (A) Single-channel currents rec
absence (left panel) and presence (right panel) of 10 nM [spermine]i (right panel). The ope
presence of 10 nM [spermine]i (C) are also shown. Due to small number of total events per
recorded from separate patches (n=3–7) of the same condition. The mean open and zero-cu
by averaging the mean open and mean zero-current times of each patch [34].μ×([B]+[X])]. [X], the residual [spermine]i, was estimated to be in
the range 0.3–0.5 nM.
To examine whether increases in [K+]o could activate the Kir2.1
channel, we determined if/how iK1 amplitude, k1, and k−1 were affected
by [K+]o. Fig. 3A shows iK1 recorded at 150 mM [K+]o (EK=−3.0±
0.9 mV, n=3; left panel) and 1 mM [K+]o (EK=−109±0.8 mV, n=5;
right panel), at a driving force=+17mV, respectively. Fig. 3B shows
the correspondingopenand zero-current timehistograms. The values of
τo, τf, and τs were 220 ms, 2.9 ms, and 177 ms at 150 mM [K+]o, and
257 ms, 3.7 ms, and 128 ms at 1 mM [K+]o. k1 and k−1 were calculated
based on Eqs. (2), (4) and (5). Fig. 3C shows that iK1, k1 and k−1 were
largerwhen [K+]o increased.However, openprobabilities (Po) (Fig. 3Cd)
werenot affected by [K+]o at a driving force=+17mV.Values of k1 and
k−1 were not dependent on driving forces (Fig. 3D) but k1 and k−1
slightly increased as Vm became more positive.
Next, we examined the effects of [K+]o on single-channel
conductance. Fig. 4A shows that the single-channel iK1–Vm relation-
ships at various [K+]o were linear. The single-channel conductance
calculated from the slope was 35 pS at 150 mM [K+]o, 32 pS at 20 mM
[K+]o, 30 pS at 5 mM [K+]o, and 28 pS at 1 mM [K+]o. Fig. 4B compares
the [K+]o-dependence of normalized single-channel conductance and
normalized macroscopic IK1 at a driving force=+17 mV. The data
show that the [K+]o-dependence of macroscopic outward IK1 at a
constant driving force can be attributed to the [K+]o-dependence of
single-channel conductance.
3.2. Effect of [K+]o on spermine-binding kinetics
It has been shown that changes in [K+]o shift the Vm-dependence
of polyamine block [5,6], indicating that the polyamine block can be
relieved by K+ inﬂux. These ﬁndings explain why outward IK1
depends on driving forces but not on Vm alone when [K+]o changes.
However, it remained unclear whether blockage of outward IK1 by
intracellular polyamines was smaller at higher [K+]o, at a constant
driving force, so that iK1 increased when [K+]o rose. To explore this
topic, we determined the effects of [K+]o on the association rate
constant μ, and the dissociation rate constant λ of spermine block.
Single-channel recordings were obtained from inside-out patches atC
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Fig. 3. Effects of [K+]o on single-channel iK1. A. Single-channel currents recorded at 150 mM[K+]o (left panel) and 1 mM[K+]o (right panel) at 150 mM[K+]i anddriving force=+17mV
without adding spermine. B. The open and zero-current time distributions of single-channel currents. C. Effects of [K+]o on iK1 (a), k1 (b), k−1 (c), and openprobability (d). D. Driving force-
and Vm-dependence of k1 and k−1. The data reported by Matsuda et al., 2010 [6] are shown as closed stars.
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a driving force=+17 mV (Fig. 5A). Mean open and zero-current
times were estimated from the open and zero-current time
histograms (Fig. 5B). μ and λ were next calculated using Eqs. (4)
and (3). Fig. 5E shows that neither μ nor λ was affected when [K+]o
was changed at a driving force=+17 mV and thus the open
probability in the presence of spermine was not signiﬁcantly changed
by [K+]o either (pN0.05; data shown in Fig. 3Cd for comparison with
the control). To examine the effects of Vm on μ and λ, single-channel
recordings were obtained at [K+]o=20 mM and Vm=−18 mV in theabsence and presence of 10 nM [spermine]i (Fig. 5C), in addition to
those at Vm=−28 mV (Fig. 2A). Figure 5D shows the corresponding
open and zero-current histograms at Vm=18 mV. Fig. 5F shows that,
at 20 mM [K+]o, μ increased and λ decreased when Vm was increased
from −28 to −18 mV. In other words, an increase in Vm elevated
spermine-binding afﬁnity. Because of the very low Po (b0.001) atVm=
−8 mV, we could not estimate μ and λ at more positive values of Vm.
Assuming that the Vm-dependencies of μ and λ are both Boltzmann
relationships, logμ–Vm and logλ–Vm plots should be linear (dotted
lines in Fig. 5F). If μ and λ depend only on Vm, thus not on [K+]o, then
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Fig. 4. [K+]o-dependence of macroscopic IK1 and single-channel conductance. A. Relation-
ships of iK1–Vm at [K+]o=1–150mM (n=3–15). B. Summary of the effects of [K+]o on
normalized IK1 andnormalized single-channel conductance (γ) at a driving force=+17mV.
IK1 and γwere normalized to values obtained at 150 mM [K+]o.
1776 T.-A. Liu et al. / Biochimica et Biophysica Acta 1808 (2011) 1772–1778both the μ and λ values estimated at 1 mM and 150 mM [K+]o should
be close to the extrapolated dotted line. However, μwas larger than the
predicted value at 1 mM [K+]o and smaller at 150 mM [K+]o, whereas
λwas lower than expected at 1 mM [K+]o and greater at 150 mM [K+]o
(Fig. 5F). These results suggest that at a constantVm, an increase in [K+]o
decreased intracellular spermineblockof theKir2.1 channel, resulting in
an increase in outward IK1 (Fig. 6, grey vertical arrow). However, when
[K+]o is changed, it is the dependence of outward IK1 on driving forces
(Fig. 6, black vertical arrow) but not on Vm that is relevant to the
physiological and pathological functions of the Kir2.1 channel. There-
fore, we focused on the effects of [K+]o on spermine blocking kinetics at
the same driving force. The results from Fig. 5 suggest that spermine-
binding kinetics depended on driving forces rather than on [K+]o per se.
4. Discussion
4.1. The [K+]o-dependence of outward IK1 is attributable to
[K+]o-dependence of single-channel conductance
In the present study, we explored the mechanism underlying the
[K+]o-dependence of outward IK1, which is important in the
regulation of physiological and pathological functions of excitable
cells. The data show that the macroscopic IK1–[K+]o relationship is the
same as the single-channel γ–[K+]o curve, supporting that K+
permeation is regulated by [K+]o. Precisely how [K+]o increases the
single-channel conductance of the Kir2.1 channel remains unclear.
According to the crystal structure of KcsA channels [28,29], extracel-
lular K+ can change single-channel conductance through its interac-
tions with sites within the selectivity ﬁlter. Extracellular K+ may
regulate the conductance of the Kir2.1 channel through a similar
mechanism. Because I=nPoi (where n is the channel number), and
because Po is not affected by [K+]o changes (Fig. 3Cd), the same [K+]o-
dependence of IK1 and iK1 suggests that channel number is probably
not affected by changes in [K+]o. Therefore, the mechanism ofincreased K+ conductance in the Kir2.1 channel seems to differ
from the activation mode of the Kir1.1b channel and a voltage-
dependent K+ channel, Kv1.4. It has been shown that the number of
Kir1.1 channels increases when [K+]o is increased from 1 to 50 mM
but this type of channel activation is not observed in the Kir2.1
channel [12]. In the Kv1.4 channel, it has been shown that the single-
channel conductance is not affected when [K+]o increased, and it is
suggested that channel number rose when [K+]o is elevated [10].
4.2. Regulation of the spermine block by [K+]o
Our study suggests that the dependence of outward IK1 on [K+]o
and driving forces (Fig. 6, black vertical arrow) may not be due to
regulation of the polyamine block by [K+]o per se. The ﬁnding is
consistent with that of a previous study showing that the binding
afﬁnity of spermine, inhibiting outward IK1 through the Kir2.1
channel, was the same at different [K+]o values when the driving
force is kept constant [30]. Furthermore, it has been shown that the
Kir2.1 channel remains sensitive to extracellular K+ level even in the
absence of polyamines [31].
Fig. 5E shows that when [K+]o was varied, both the association and
dissociation rate constants of spermine depended on driving forces.
The dependence of the association constant of spermine on driving
forces may be due to the concerted movement of spermine and K+ in
the Kir2.1 pore [32]. The dependence of the spermine dissociation rate
on driving forces may be explained as follows. A decrease in Vm will
tend to pull spermine out of the pore into the intracellular side
whereas an increase in [K+]o (thus an increased in EK) can knock off
the spermine.
4.3. Comparison with previous studies
Recently, it is shown at the single-channel level that the driving
force dependent inward rectiﬁcation is attributable to the driving
force dependence of blocking kinetics when EK is changed by varying
[K+]o [6]. The data presented in this study are consistent with this
conclusion. Furthermore, the k−1, μ and λ values at 20 mM [K+]o
shown in this study (Figs. 3D and 5E, hollow symbols) are similar to
those at 30 mM [K+]o determined by Matsuda et al. (solid symbols)
[6]. It may be noted that the theme of our study is different from the
previous study [6]. Matsuda et al. [6] focus on the mechanisms
underlying the shift of the I–Vm relationship induced by [K+]o
changes (Fig. 6, the horizontal arrow) whereas our study explores
the mechanism for the [K+]o-dependence of outward IK1 amplitude
(Fig. 6, black vertical arrow). The different effects of [K+]o examined
by the previous study [6] and by our study have different
physiological implications. The shift of I–Vm relationships changes
the resting membrane potential, thus affects the number of available
Na+ channels for activation, and thereby induces variation in
electrical excitability of cells. On the other hand, the change of
outward IK1 amplitude affects the excitability by varying the action
potential threshold. The larger the outward IK1 is, the larger is the
inward Na+ current required for initiating an action potential.
Furthermore, the larger outward IK1 will increase repolarization and
shorten the action potential duration.
Our single-channel kinetic analysis suggests that a residual
intracellular blocking agent (≈ 0.3–0.5 nM) inhibits outward IK1 in
oocytes. However, it has been shown that residual intracellular
blockers are b 0.1 nM in concentration in COS-1 cells [26]. Furthermore,
the [K+]o-dependence of outward IK1 reported in this study is much
smaller than that previously determined in cardiac myocytes [3]. The
reasons for the different degrees of [K+]o-dependence of single-
channel conductance between the previous studies and our data
remain to be investigated. It is possible that the difference is
attributable to the distinct systems employed. It may be noted that,
for the single-channel studies of the gating and spermine blocking
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Fig. 5. Effects of [K+]o on inhibition by intracellular spermine of outward iK1. A. Single-channel currents recorded at 150 mM [K+]o (left panel) and 1 mM [K+]o (right panel) at
150 mM [K+]i and a driving force=+17 mV in the presence of 10 nM [spermine]i. B. The corresponding open and zero-current time distributions of single-channel currents. C. Single-
channel currents recorded at 20 mM[K+]o at 150mM[K+]i andVm=−18mV in the absence (left panel) andpresence of 10 nM [spermine]i (right panel). D. The corresponding open and zero-
current timedistributions of single-channel currents. E. Effects of driving forces onμ andλof the spermineblock. Thedata reportedbyMatsudaet al., 2010 [6] are shown as closed stars square.
F. Effects of Vm on μ and λ of the spermine block.
1777T.-A. Liu et al. / Biochimica et Biophysica Acta 1808 (2011) 1772–1778kinetics, the shallow [K+]o-dependence of outward single-channel
current is advantageous in that it allows the kinetics to be examined at a
broader [K+]o range.Previous studies [6,26,33] and our current work support the
presence of an intrinsic gating mechanism (the C–O transition
described in Scheme I) in the Kir2.1 channel. The gate is very likely
Fig. 6. Two major effects of [K+]o on the I–Vm relationships of the Kir2.1 channels. I–Vm
curves at [K+]o=5 and 150 mVwere the same as those shown in Fig. 1A. An increase of
[K+]o shifted the I–Vm relationships to the right (horizontal arrow) and increased the
outward IK1 amplitude at a constant driving force value (black vertical arrow). The grey
arrow indicates an increase of outward IK1 at a constant Vm when [K+]o was changed.
1778 T.-A. Liu et al. / Biochimica et Biophysica Acta 1808 (2011) 1772–1778located at the selectivity ﬁlter because changes in the amide carbonyls
of G144 and G146 lining the ﬁlter affected the kinetics of single-
channel gating [33]. It was proposed that conformational changes of
the selectivity ﬁlter resulted from interaction of permeant ions and
the backbone carbonyls, thus affecting gating [33]. In this study, we
showed that the opening and closing rate constants increased to the
same extent as the single-channel conductance when [K+]o was
increased, indicating that the intrinsic gating is regulated by [K+]o.
However, this [K+]o regulation of the intrinsic gate does not seem to
be responsible for the [K+]o-dependence of outward IK1 because the
open probability of the intrinsic gate is not affected by [K+]o.
4.4. Conclusion
Our results show that outward IK1 is larger at higher [K+]o because
single-channel conductance is increased at higher [K+]o at a constant
driving force. In addition, at a constant driving force, the open
probabilities of the intrinsic gate and spermine-binding kinetics are
the same at different values of [K+]o. This study supports that K+
permeation regulated by [K+]o as the newmechanism underlying the
important modulation of outward IK1 by [K+]o. Outward IK1 plays a
crucial role in maintaining the resting membrane potential, deter-
mining the excitation threshold, and initiating the ﬁnal repolarization
phase of the action potential. This study sheds light on themechanism
underlying the important regulation of outward IK1 by [K+]o.
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